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Problem Statement 

Nuclear Power offers a possible 
solution to global warming, but 

nuclear weapons proliferation 
risk of Reactor-grade Plutonium 
(Pu(PWR)) remains a concern: 
“fizzle bombs”. 

 



Plutonium Incineration Options 

 Light Water Reactors : Positive Void Coefficient 

for > 10-14 % plutonium in MOX. 

 Fast Reactors : Excellent fuel efficiency, but 

Positive Void Coefficient and only available 

from 2040. 

 HTRs: Good inherent safety features + No void 

Problems + Available + Very High Pu 

destruction rate. 



Knowledge Gap to be Filled 

 

 Successful incineration of Pu may open up the 

GNEP market for HTRs. 

 However, coatings around fuel kernels may not 

be able to maintain their integrity at ultra-high 

burn-ups (Jonnet, Kloosterman and Boer). 

 Safety features of Pu fuel cycles must be 

established. 



Scope of Work of PhD 

1. Change VSOP-A  models > VSOP-99. 

2. Determine fuel mixtures and calculate 

resonance integrals for: 

 Pure reactor grade Pu. 

 Pure MOX grade Pu. 

 Pu(PWR) + Minor Actinides. 

3. Investigate current layout of PBMR DPP for 

waste incineration. 



Scope of Work (continue) 

6. Evaluate neutronics core distribution. 

7. Evaluate shutdown reactivity margins. 

8. Calculate reactivity coefficients. 

9. Optimise fuel cycles. 

 



Optimisation Aims 

 High plutonium destruction fractions. 

 High proliferation resistance of spent fuel. 

 Low maximum power/fuel sphere. 

 Negative temperature coefficients. 

 Low maximum fuel temperatures. 

 Positive shutdown reactivity margins. 



Method 
 Pilot Study: Pure Pu(PWR) in a PBMR DPP-400 

was simulated with VSOP-A by E.J. Mulder.  

 However VSOP-A does not include resonance 

integrals of Pu-240 and Pu-242 and does not include 

transmutation of Minor Actinides. 

 Therefore VSOP-A input models was semi 

automatic translated to VSOP 99/05 and verified. 

 Coupled neutronics and thermo-hydraulic 

simulations performed with VSOP 99/05. 



Method (continued) 
 Fuel: Pure Pu(PWR) (1 g, 2g and 3 g HM/fuel 

spere), 3g Pu(PWR)+MA and 3g Pu(WGR) was 

used in shell-ball fuel spheres, without the addition 

of other fertile isotopes.  

 Burn-up and temperature calculations were 

simulated for a six-pass recirculation fuel cycle. 

 Results were compared to the reference case: 

Standard 9.6 wt% enrichment LEU fuel, loaded to  

9 g heavy metal (HM) per fuel sphere. 

 

 



PBMR-400 Core Configuration 



Summary of Results 
 However k-eff was 4% lower for VSOP 99/05 than 

for VSOP-A. This unacceptable difference was 

assumed to be caused lack of Minor Actinide 

Transmutation and lack of Pu resonance integrals in 

VSOP-A. However this was not verified. 

 Therefore Pu simulations were continued with 

VSOP 99/05 only.  



Burn-up Results: 3g Pu(PWR) 

Fuel cycle Pu(PWR) 

Average 

burn-up 
601.01 (97.9) MW.d/kgHM 

 loading  unloading change 

 (kg/GWthd)  
238

Pu 0.046  0.0491 +6.7% 
239

Pu 0.8948  0.0393 -95.6% 
240

Pu 0.3931  0.1135 -71.1% 
241

Pu 0.2182  0.1430 -34.5% 
242

Pu 0.1125  0.1665 +48.0% 
241

AM 0  0.0268  
243

AM 0  0.0572  
242

CM 0  0.0008  
243

CM 0  0.0002  
244

CM 0  0.0409  

Total Pu
1
 1.6646  0.5115 -69.3% 

Enrichment

% 66.9 
 

35.7  
 



Burn-up Results: All fuel types 

 

 

Fuel cycle 
9 g U/Pu 

(LEU) 
Pu (PWR) 

Pu (PWR) 

+MA 
Pu (WGR) 

Core physics 

parameter 
Unit 

Average fissile 

enrichment of core 
% 5.22 50.23 53.27 56.89 

Average fuel 

residence time 
days 994.7 2095 1234 2902 

Average burn-up MWd /kgHM 97.9 601.0 319.0 852.4 

Conversion ratio (C) 0.447 0.413 0.407 0.314 

Neutron leakage 

from core 
% 14.88 10.45 9.81 12.29 

Maximum power per 

sphere 

kW/ 

sphere 
2.94 4.89 3.00 9.26 

Maximum fuel 

temperature 
°C 1050 1182 1164 1367 

Max. Uniform 

Temperature 

Reactivity 

Coefficient (UTC) 

Keff/ °C * 

10-5 
-4.49 +2.30 +0.6 +5.3 



Discussion 
 All the plutonium fuel cycles failed the safety limits: 

 T-max > 1130°C, or 

 the maximum power density > 4.5 kW/sphere. 

 All the plutonium fuel cycles produced positive 

Uniform Temperature Reactivity Coefficients. 

 Weapons-grade plutonium produced the worst 

safety performance. 

 Safety performance of Pu(PWR), deteriorated when 

the HM loading was reduced from 3g/sphere to 2g 

or 1g. 



Discussion (Continued) 
 Temperature and power hotspots for the Pu were 

probably caused by the positive UTC. 

 Power peak in outlet chutes, caused by improved 

moderation. 

 Addition of MA almost halve the burn-up from 

601.0 to 319.0: MA significantly capture neutrons, 

but do not contribute significantly to fission. 

 MA reduced the destruction fraction of Pu from 

69.3% to only 37.8%. 

 Mass of 241Pu in the spent fuel tripled. 

 



Discussion (Continued) 
 Proliferation resistance spent fuel for all the Pu fuel 

cycles were excellent. 


238Pu fraction for 3 g Pu(PWR) case = 9.6%. 


240Pu fraction = 22.2% 


237Np discussed in subsequent presentation. 

 



Conclusions 
 The incineration of pure Pu in the PBMR-400, using 

the simulated fuel sphere geometries, are not 

recommended, since it violated the safety limits. 

 The addition of MA to Pu(PWR) is not 

recommended since this substantially increased the 

mass of heavy metals to be disposed in the spent 

fuel. 

 Therefore a redesign of both the reactor and fuel 

sphere geometries are recommended, in order to 

resolve the safety issues. 

 



Recommended follow-up Pu Studies 

 Verification of VSOP-A vs. VSOP 99/05, by 

comparison with MCNP. 

 DLOFC temperatures with Multi-group Tinte. 

 Redesign of the reactor: 

 Replace small concentrated Pu fuel kernels with large 

(500 μm diameter) diluted kernels to reduce burn-up. 

 Switch from the direct Brayton cycle to the indirect 

Rankine steam cycle to reduce fuel temperatures. 

 Add neutron poisons to the reflectors to suppress power 

and temperature peaks and to produce negative uniform 

temperature reactivity coefficients.  

 



Thank you! 

 

Any questions or comments. 

 



Burn-up Results: All fuel types 
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